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UMMARY 


X 


The  purpose  of  this 
Convoplane  concept 


program  was  to  determine  the  feasibility  of  the 
and  define  its  aerodynamic  characteristics. 


The  Convoplane  concept  may  be  defined  as  an  alrcrait  that  combine., 
the  high  speed  forward  flight  of  a  conventional  airplane  with  the 
hovering  ability  of  a  helicopter,  without  changing  the  attitude  of 
the  aircraft  itself  or  any  of  its  major  components. 

The  concept  takes  its  f c rm  in  the  shape  of  a  buried  rotor  surrounded 
by  ducting  in  such  a  manner  that  either  hovering  flight  or  forward 
flight  conditions  are  permissible.  ^ 

Bv  entirely  enclosing  the  rotor  system  within  the  wing,  The  Convo¬ 
plane  attempts  to  obtain  hovering  efficiencies  which  are  contiuem, 
good  for  helicopters  and  at  the  same  time  get  forward  flight  sp  'dr 
\  which  are  greater  than  those  possible  for  the  helicopter. 

The  results  of  the  wind  tunnel  tests,  conducted  by  the  Goodyear 
Aircraft  Corporation  under  the  auspices  of  the  U.  S.  Army  Transpor- 
tat ion  Research  and  Engineering  Command,  presented  herein  indicate 
that  this  is  possible.  At  the  same  time  the  test  results  demons! ral * 
that  these  conditions  are  obtainable  in  a  vehicle  which  utilizer 
one  basic  propulsion  system  to  obtain  hovering  flight  through  ,rai 
ition  to  forward  flight  by  means  of  ducted  airflow  rather  than  by 
turning  either  the  propulsion  system  or  the  vehicle  itself  . 


Although  the  main  purposf 


ise  of  this  program  was  to  demonstrate  feas¬ 
ibility  by  obtaining  basic  research  data,  It  will  also  be  shown  th&l 
substantial  Improvement  of  the  system  is  now  possible  with  the  in  > 
mat ion  collected  as  a  result  of  these  tests. 


\ 
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text . 


Amaurr 


]®5CLA3SIFIED 


nFR  BF.V.  B 


SECTION  I.  INTRODUCTION 

I 


The  helicopter  has  evolved  as  the  first  practical  demonstration  of 
a  vertical  lift  device,  but  whose  forward  speed  capabilities  are 
limited  mainly  because  of  compressibility  effects  at  the  tips  of  the 
advancing  blades  and  stalling  at  the  Inboard  pa^t  of  the  retreating 
blades  because  of  high  angle*  of  attack. 

In  order  to  extend  the  forward  speed  range  of  the  helicopter,  and 
yet  retain  the  vertical  lift  advantages,  many  Ingenious  Ideas  have 
been  advanced.  Some  of  these  Ideas  have  been  reallred  In  the  form 
of  actual  full  scale  flight  vehicles.  At  one  end  of  the  spectrum 
are  those  devices  which  either  utilise  additional  propulsion  systems 
or  turn  the  propulsion  system  to  obtain  various  modes  of  flight.  On 
the  other  end  of  the  spectrum  Is  the  high  speed  Jet  type  aircraft 
with  sufficient  thrust  to  weight  ratio  which  permits  It  to  hover  and 
rise  vertically.  Transition  to  forward  flight  Is  usually  accomplish¬ 
ed  either  bv  rotating  the  fuselage  or  by  rotating  the  propulsion 
system  and/or  ducting  the  air  through  a  90°  turn.  Many  other  con¬ 
figurations  have  teen  evolved  between  tnese  two  extremes. 

Since  it  1 s  difficult  to  improve  on  the  helicopter  as  a  vertical 
lift  device  and,  In  toe  same  sense,  since  a  wing  Is  a  very  efficient 
lift  device  In  forward  flight,  a  system  was  devised  util ltlng  both  of 
these  approaches  which  It  was  felt  would  achieve  transition  from  hove 
Ing  to  relatively  high  speed  forward  flight  with  one  power  source  and 
no  rotation  of  either  the  airplane  or  the  rotor  axis.  • 

The  system  so  devised  was  In  general  to  bury  th  rotor  within  the 
wing,  al;h  the  rotor  shrouded  In  such  a  fashion  that  the  air  passes 
through  It  axially  regardless  of  the  flight  regime  of  the  aircraft. 

In  hovering  flight,  louvres  in  the  top  and  bottom  wing  surfaces  are 
opened,  allowing  air  to  pais  through  the  ship  vertically.  To 
accomplish  transition,  the  louvres  are  closed  In  a  pre -determined 
sequence  and  rotation  of  the  thrust  component  Is  obtained  by  a 
change  In  the  direction  of  the  alrriow.  In  forward  flight,  the  air. 
errentlally.  enters  at  the  leading  edge,  passes  through  another 
series  of  turning  vanes  Into  the  rotor,  then  through  another  serle- 
or  turning  vanes  and  exits  at  the  trailing  edge.  Thus,  the  airflow 
providing  the  thru't  would  be  changed  the  necessary  90°  to  permit 
transition  from  vertical  flight  to  forward  flight,  and  vice-versa. 
Figures  1  and  ?  depict  the  flow  path  during  hovering  and  forward 
flight  conditions. 

Since  no  experimental  or  theoretical  data  was  available  on  which 
to  ta~*  engineering  estimates,  nc  specific  performance  for  suen  s 
vehicle  cculd  te  entlely  evaluated. 
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As  a  result,  the  program  now  concluded  was  sponsored  bv 
r‘  ‘^y  Inanspo.ration  Research  and  Engineering  Command 
which  could  be  used  for  an  evaluation  of 
vehicle . 


S 


the 


the  U, 

to  obtain  data 
performance  of  such  a 


The  program  was  planned  to  follow  three  basic  steps. 

fPp-f-1h^C0VTeTr?d  a  Pre^minary  configuration  analysis 
te„t  bed.  Using  the  theoretical  .  data  obtained  from 
the  requirements  for  the  wind  tunnel  test  model  were 
ihe  second  portion  involved  the  design,  fabrication 
the  model  and  analysis  of  the  test  results  in  terms' 
rally,  the  test  data  was  interpreted  in  terms  of  test  bed  horse 
power  required  and  forward  velocity  attainable. 


The  flirt 
of  the  flying 
this  effort, 
established . 
and  testing  of 
of  model  data. 
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SECTION  II.  PRELIMINARY  CONFIGURATION  ANALYSIS 


A.  CONFIGURATION  PLANFORM  »>  AIRFOIL  SELECTION 

Preliminary  effort  was  expended  In  determining  a  feasible  planform 
geometry  for  the  overall  configuration.  Tailless  and  conventional 
configurations  were  analysed  In  conjunction  with  rectangular  and 
delta  xing  planf^rmn  to  determine  subsequent  power  requirements. 

For  the  tailless  configuration  It  was  necessary  that  the  rotor  axis 
be  on  or  near  the  c.g.  for  hovering  trim,  a” 1  that  the  wing  a.c.  be 
on  or  aft  of  the  c.g.  for  forward  flight.  Incorporation  of  rectan¬ 
gular  planform  would  necessitate  excessive  wing  areas  to  satisfy 
the  above  two  requirements.  This  results  from  the  fact  that  the 
centerline  of  the  r-otor  Is  placed  at  approximately  the  25*  chord 
which  means  that  the  rotor  occupies  50#  of  the  wing  chord.  The 
remaining  50*  of  wing  chord,  and  Its  correspondingly  large  area 
are  Jurt  to  stabilize  the  configuration . 


FORWARD 


An  Inc  re  a  «;  In  wing  aspect  ratio  will  be  accompanied  ty  a  desir¬ 
able  rearward  shift  of  the  «.c..  tut  would  be  offset  by  the  ln- 
creare  In  wing  area  and  a  corresponding  Increase  In  power  requlrr- 
meets . 
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A  similar  ralationship  can  be  shown  tc  *wxlat  for  tha  delta  wlgg  plan- 
form.  An  inherent  advantage  of  this  type  of  planform  la  the  more 
aft  location  of  the  a.c.,  however,  assuming  the  Inlet  geometry  re¬ 
quires  that  the  rotor  circle  be  inscribed  in  a  square  whose  front 
comers  cannot  protrude  beyond  the  wing's  leading  edge,  a  further  in¬ 
crease  of  the  ratio  of  wing  to  disk  area  results. 

* 

The  weight  and  power  requirements  necessary  for  this  type  of  config¬ 
uration  suggested  its  abandonment  In  favor  of  a  more  conventional 
layout  consisting  of  a  wing  and  separate  aft-mounted  stabilizing 
surfaces.  A  few  of  the  more  notable  advantages  of  the  tailed  con¬ 
figuration  over  the  tailless  design  are: 

1.  The  area  required  for  stabilizing  purposes  need 
be  only  one-fourth  the  wing  area. 

?.  The  power  requirements  for  hovering  are  consider¬ 
ably  less. 

3.  A  proportionate  decrease  in  gross  weight  and  drag; 

**.  A  more  convenient  location  of  the  c.g.  and  rotor 
center  on  the  wing  chord. 

It  is  believed  that  the  thick  airfoil  section  necessary  to  house 
the  rotors,  ducting,  and  engines  will  not  be  appreciably  detrimental 
in  drag.  Because  of  the  flow  through  the  airfoil  it  is  fe  i  that 
the  dreg  wake  will  be  appreciably  changed  to  yield  a  total  drag  less 
than  would  be  realized  if  there  were  no  flow.  It  is  further  be¬ 
lieved  that  a  thinner  airfoil  section  with  flow  would  not  yield  a 
total  drag  much  less  than  that  of  a  much  thicker  section  with  flew. 

B.  F^TIMATED  PF.RPORMANCE 

The  performance  requirements  for  the  flying  test  bed  were  deter¬ 
mined  based  on  obtaining  a  maximum  speed  of  200  MPH  at  an  altitude 
of  6,000  feet.  Dual-rotor  configurations  of  aspect  ratio  1.55  were 
considered  throughout  the  study.  Rotor  diameters  from  10  feet  to 
25  feet  in  diameter  were  investigated,  but  in  each  case  the  rotor 
housing  was  of  minimum  size  to  house  that  pair  of  rotors.  A  propul¬ 
sive  efficiency  at  200  MPH  of  0.65,  as  estimated  by  internal  flow 
analysis  for  these  conditions,  permits  presentation  of  power  require¬ 
ments  In  terms  of  gros«  or  installed  horsepower. 

Figure  3  presents  tne  curves  of  horsepower  required  to  hover  at 
varying  gross  weights  for  three  rotor  diameters.  These  curves  are 
hared  on  the  assumptions  that  a  nominal  figure  of  merit  of  0.66  can 
be  attained,  with  prooer  blade  design  this  efficiency  will  not  re¬ 
duce  with  lnerea  lng  <-;lsk  loading. 

Figure  U  presents  the  gross  horsepower  required  tc  meet  the  forward 
flight  requl r*'mentr  for  rotor  dldtneiers  from  10  feet  to  26  feet  c 
thrre  wing  loadings.  This  curve  la  based  on  the  as.-umptlon  that  all 
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tb*  necessary  aerodynamic  lift  la  produced  by  the  rotor  housing  at 
cruising  speeds. 


From  t).w*e  curves,  a  curve  of  allowable  gross  weight  in  hovering 
can  be  computed  based  on  the  power  required  for  a  forward  flight 
speed  of  TOO  MPH.  Figure  5  presents  this  analysis  in  solid  line 
curves.  Superimposed  upon  the  allowable  lift  curve  is  the  esti¬ 
mated  test  bed  weight  curve.  It  is  seen  that  a  deficiency  in  hover¬ 
ing  lift  occurs  at  below  a  14.5  ft.  rotor  diameter  because  the  horse¬ 
power  required  to  hover  exceeds  the  forward  flight  horsepower  while 
a  surplus  of  lift  occurs  above  this  diameter. 


The  Convoplane  concept  is  Intended  to  present  a  shrouded  rotor  op¬ 
erating  at  or  near  normal  helicopter  disk  loadings,  but  capable  of 
higher  maximum  speed.  Hovering  load  carrying  capabilities  at  rctor  ' 
diameters  in  excess  of  14.5  ft.  are  higher  than  the  nominal  weight 
when  power  is  limited  by  forward  flight  condition. 


As  determined  from  Figure  5  the  load  carrying  capabilities  at  hover 
for  a  18  ft.  diameter  rotor  will  exceed  30?  of  the  nominal  gross 
weight.  This  allows  the  versatility  in  operation  considered  desir¬ 
able  by  the  military. 


C.  PRCrOSLD  FLYINO  TEST  BED 


The  wind  tunnel  model  was  based  cfh  the  preceding  configuration 
analysis.  The  results  and  conclusions  of  the  wind  tunnel  tests  are 
presented  in  Sections  IV  and  V. 


Essentially,  the  characteristics  established  in  paragraphs  A  and  13 
are  still  the  primary  goals  for  the  test  bed,  but  based  on  the  pro¬ 
pulsive  efficiencies  obtained  from  tne  current  wind  tunnel  tests,  a 
vehicle  capable  of  IU5  MPH  is  feasible  instead  of  the  193  MPH  pre¬ 
dicted.  This  of  course  assumes  no  further  internal  flow  Improvement. 

Figure  5  sho<s  the  predicted  forward  speed  based  on  theoretical  pro¬ 
pulsive  efficiencies,  and  the  forward  speed  obtained  on  the  basis  of 
efficiencies  derived  from  test  results. 

Table  1  rives  sn  estimated  weight  breakdown  for  the  test  bed  and 
Figure  7  is  a  three  view  drawing  chowing  the  general  configuration 
of  the  test  bed. 


The  general  specifications  recommended  for  the  flying  test  bed  are: 


Span 

Rotor  Dla. 

No.  of  Passengers 
Estimated  Weight 
No .  of  eng  ires 
Forward  speed 


-41  ft. 

-  18  ft. 

-  2 

-  759*  lbs. 

-  2  -  T5?-OF.-h  1050  3.H.P.  ea . 

-  145  -  193  MPH 


f 
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TABLE  I 


PROPOSED  CONVO PLANE  TEST  BED  WEIGHTS 

ITEM  WEIGHT  (Lbs.) 


Engine  Section 

(Engines,  mounts,  shafts,  cooling  ducts, 
lubricating  system,  fuel  system,  rotors) 

15^9 

Fixed  Equipment 

(instruments,  controls,  communications, 
furnishings) 

114 

Structure 

a.  Tail  Group 

(Horizontal  tail,  rudders,  booms) 

487 

b .  Body  Group 

(Ailerons,  crew  pod,  rotor  support 
booms,  leading  and  trailing  edge 
beams,  center  section,  tip  ribs.) 

1591 

e ,  Bod y  G roup  ( C 0 n t ' d ) 

(External  skin  and  fairings,  doors, 
door  operating  mechanism,  turning 
vanes,  rotor  ducting) 

2577 

d.  handing  Gear 

120 

e.  Pay  Lord 

( C  rew .fuel,  oil,  c  a  rg 0  ( t e  s  t 

Inst.) 

11 40 

TOTAL 

7598  lbs 

i 
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SECTION  III.  DESCRIPTION  OP  WIND  TUNNEL  MODEL,  TEST  EQUIPMENT 

AND  WIND  TUNNEL  TESTS 


An  attempt  was  mada  to  design  a  model  which  would  contain  a  large 
degree  of  flexibility  In  order  to  yield  sufficient  test  data  which 
would  permit  the  necessary  variables  to  be  evaluated  for  the  even¬ 
tual  design  of  a  flying  test  bed. 

A  rotor  system  was  Incorporated  that  was  capable  of  simulating  the 
use  of  either  single  or  multiple  rotors.  In  each  of  the  two  rotors, 
either  single  rotation  or  counter-rotation  could  be  used.  The  rotor 
hubs  were  so  designed  that  a  minimum  of  two  blades  or  a  maximum  of 
six  blades  could  be  Installed,  thu«  permitting  the  evaluation  of  a 
large  range  of  rotor  solidities.  Collective  pitch  change  of  the 
blades  was  provided  for  In  the  hub  design  In  order  that  various  blade 
angles  could  be  Investigated. 

For  simplicity  of  construction,  the  cross  section  of  the  blades 
of  a  Clark  Y  shape  with  constant  chord.  A  varying  twist  of  19°  from 
root  to  tip  was  Incorporated. 

In  order  to  assure  axial  flow  throigh  the  rotors  at  all  times,  a 
set  of  turning  vanes  was  Installed  both  above  and  below  the  rotors. 

A  series  or  movable  doors  or  louvres  were  placed  In  the  upper  and 
lower  wing  surfaces  above  and  below  the  turning  vanes.  These  doors 
were  adjustable  from  full  open  to  full  closed.  The  power  system 
consisted  of  a  hydraulic  motor  driving  through  a  gear  box  and  timing 
belt  arrangement  to  the  rotors 

The  Instrumentation  for  evaluating  the  Internal  flow  characteristics 
consl  ted  of  total  head  and  static  head  tubes  placed  throughout  the 
model.  They  were  ir stalled  In  the  Inlet  at  the  front  of  the  model, 
above  the  re*oi,».  below  the  rotors,  at  the  exit  In  the  rear  of  the 
model  and  on  the  upper  and  lower  doors.  The  press  i»ee  were  either 
picked  up  0:1  manometer  bankr  or  through  a  scara-valve  Into  an  or- 
c 11 log raph . 

Torque  measurements  were  taken  from  strain  gauges  mounted  In  the  huh 
of  each  rotor  and  recorded  on  ar.  oscillograph.  The  strain  gauge: 
were  mounted  so  that  the  torque  Imparted  to  each  rotor  did  not  In¬ 
volve  the  hydraulic  motor  or  gear  box.  Much  of  the  data  was  then 
taken  from  t*e  oscillograph  tsoe  and  processed  through  IBM  machines. 
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Figures  8  through  17  show  the  model,  Its  components  and  the  instru¬ 
mentation  arrangement.  ■  *v 

The  wind  tunnel  program  was  divided  into  two  parts.  The  internal 
flow  evaluation  was*  made  at  the  Goodyear  Aircraft  h 3 "  by  6l:’  wind 
tunnel  while  the  force  measurements:  or  external  flow  evaluation  was 
made  at  the  University  of  Detroit  10'  by  7'  wind  tunnel.  The  rea¬ 
son  for  this  was  the  desire  to  test  the  largest  possible  rotor 
>  size,  which  was  too  large  for  aerodynamic  tests  in  the  GAC  tunnel. 
Since  the  configuration  was  nor  considered  optimum,  no  attempt  was 
made  to  evaluate  It  as  such.  The  main  effort  was  expended  .In  try¬ 
ing  to  determine  how  the  model  reacted  to  different  modes  of  flight. 

Several  arbitrary  decisions  were  made  in  designing  the  model.  When 
the  doors  or  louvres  were  full  open,  it  was  assumed  that  the  rotor 
acted  in  a  manner  similar  to  a  helicopter  in  the  hovering  condition: 
drawing  air  from  above  through  the  rotor.  When  the  louvres  were 
full  closed,  then  the  air  had  to  enter  the  rotor  from  an  inlet  in 
the  leading  edge  of  the  wing  and  leave  at  an  exit  In  the  trailing 
edge.  Arbitrarily,  the  inlet  was  made  25 %  of  the  rotor  area  and  the 
exit  was  made  60 %  of  the  inlet  area.  By  leaving  the  doors  above  and 
below  the  rotor  open  at  partial  settings,  it  was  possible  to  obtain 
almost  any  ratio  of  inlet  and  exit  area  desired. 

Some  of  the  pertinent  data  for  the  model  Is  as  follows: 

41.00  inches 
27.50  Inches 
1127.50  Inches  2 
l8,00  Inches 
.1  .765  Ft2 
.476  Ft2 

.294  Ft ; 


Span 
Chord 
Wing  Area 
Rotor  DA  a. 

Ro  1 0  r  A  re  a/R  0 1 0  r 
Inlet  Area 
Exit  Area 


j 
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SECTION  IV.  DISCUSSION  OF  TEST  RESULTS 


A.  INTERNAL  AERODYNAMICS 

In  th«  OAC  tunnel,  the  Internal  ducting  was  the  only  Item  under  con¬ 
sideration  and  the  tunnel  acted  only  as  a  source  for  ram  air.  The 

dlvlded  lnt0  two  parts.  Part  one  covered  hovering  flight 
conditions  and  part  two  covered  forward  flight  conditions.  The 
results  of  the  hovering  flight  treats  will  be  discussed  first. 

Since  the  air  flow  through  the  Convoplane  In  the  hoveling  attitude 
encounters  a  set  of  doors  and  a  set  of  turning  vanes,  both  above 
and  beneath  the  rotors,  It  was  necessary  to  determine  the  penalty 
paid  for  this  flow  condition.  At  the  same  time  It  was  desired  to 
evaluate  the  effect  of  various  rotor  configurations.  Therefore, 
rotor  configurations  consisting  of  (A)  2-blades-slngle  rotation. 

(B)  4  blades-slngle  rotation  and  (C)  2-blades-counter  rotation  were 
selected.  Each  of  these  configurations  were  tested  In  turn  with  turn¬ 
ing  vanes  and  doors  lnj  turning  vanes  In,  doors  outs  and  turning 
vanes  and  doors  out. 

Actually.  rotor  configuration  (A)  was  necessitated  by  the  fact  that 
the  model  tests  conducted  at  the  University  or  Detroit  were  done 
2-bladea-alngle  rotation.  This  wbb  a  result  of  blade  damage 
suffered  at  the  beginning  of  the  test  program  and  the  fact  that 
replacement  blades  were  not  available  In  time  to  lnstrll  for  fur¬ 
ther  tenting.  In  order  to  get  correlation  between  the  tests  at  the 
University  of  Detroit  and  OAC  It  was  necessary  to  Include  this  con¬ 
figuration  on  the  OAC  schedule. 

U lng  the  results  of  the  tests  conducted  at  the  University  of  Detroit 
fu  •  pulde.  It  appeared  that  a  blade  angle  setting  of  10°  produced 
e  lest  results.  A  few  preliminary  runs  at  blade  angle  of  15° 

anc.  •  b  verified  this.  At  1  b°  a  reduction  In  effectiveness  of 

™  0rvV#VPP?r*nt  and  at  6<5°  hl«h  ™ough  loadings  were 

not  possible  for  th»  rotor  speeds  used.  It  should  be  pointed  out. 

however,  the  blade  angle  of  10*  may  not  be  optimum,  but  did  yield 
data  representative  of  the  rotor  performance.  When  spea'  lng  of 
blade  angle  netting  In  thlr  report,  this  will  be  the  angle  at  the 
7b*  radius  or  the  blade. 

Figure  ;8  shows  power  loading  vs  disk  leading  value-  obtained  at  a 
lade  angle  ettlng  cf  10c  with  doom  and  vaner  In  for  the  three 
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rotor  configurations.  Figure  19  1«  •  similar  curve  with  doors  end 
vanes  out.  i.o  curve  appears  for  the  doors  out .  vanea In  cond  J* 

srs  ssnz&'vz  fts 

-ris  aw  s1 v  ?;  ffiTSSr&  Jkss:- 

powerhhad*to*bef sacrificed1  for  the  presence  b^5nclJlJ°coStJlbu- 
tumlng  vanes  with  the  turning  vanes  making  the  principle  contribu 

tlon  to  this  penalty. 

It  appears  that  for  the  range  tested,  l^^thT*®' 

blades  from  two  to  four  blades  shows  a  olight  lmP™™?I?i.iimDlove- 
power  loading  vs  disk  loading  curve  with  a  more  substantial 

ment  appearing  when  counter  rotating  rotors  are  us  d.  .inner  and 

pointed  out  that  when  counter-rotation  was  ^Be<s,  b°thbb® the 
lower  blades  were  set  at  the  same  blade  angle.  This  resulted  In  bhe 
lowe-  rotor  absorbing  approximately  .9  the  horsepower  of  the  uppe 
rotor.  Improved  performance  could  probably  be  gained  here  If 
the  upper  and  lower  blade  angles  were  chosen  so  that  both  rotors  ab 
sorbed  equal  amounts  of  horsepower. 

m  this  time  a  word  should  be  said  about  torque  readings,  through- 
iit 5A2  tin  JrogSm.  torque  reading.  ..re  taken  .t  the  rotor  hub.. 
The  readings  appeared  to  be  quite  consistent  for  any  particular 
blade  angle  setting  and  RPM  combination  regardless  of  whether  the 
SJ5J?  Si  in  hovering  or  forward  night  with  or  .lthout  th.  tunnel 
operating.  In  other  words,  any  particular  combination  of  rotor 
Slide  angle  and  RPM  gave,  for  all  practical  purposes,  one  reading 
for  the  range  tested  Figure  20  Is  a  plot  of  horsepower  vs  RPM 

for  the  three  rotor  configurations  used  »nJ  r»Pr*”JnJ  XlilSIill 

power  values  used  lr  calculating  power  loadings  and 

in  this  report.  This  was  permissible  since  11  »PP«*r«d 

rotor'  were  oblivious  to  the  flight  attitude  of  tha 

power  requirements  being  dictated  by  their  particular  setting. 

The  disk  loadings  and  power  loadings  were  obtained  In  the  following 
manner. 

1.  q  values  measured  beneath  the  rotor  when  averaged  yielded 
the  dlr,k  loading  directly  In  ♦/ft* . 


2. 

■?. 

U. 


T' e  hovering  thrust  wa*  defined  by  T«  Aq  where  A—  r-otcr 
dirk  areas  q»#/ft.*  of  disk  area. 

Power  loading  wan  then  obtained  by  dividing  the  thrust  in 
pounds  by  the  horsepower  calculated  from  the  torque  fo-  that 
particular  setting. 

Home  pc  ;er  war  calculated  from  the  standard  equat  ion. 
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xhere  Q»Torque  In  Ft.  -  lbs. 


"“sM® 


S^S*^pS^*^^SSSSLS!*,,^*^^SrS^.  «r-^  «w« 
I’uior^iT^ 

S^SnK.^SS.^tSS,^  ??*  cver  •  r»nKe  °£1^fi- 

'  r  ~~  oil  i  i>n  The  tunnel  speed  Vo  ranged  from  30  MPH  to 
I*0U!W:  ™tof-  sAVv.2;  rrem  5000  to  10.J00  >n.  d.p.n<llng  on  the 

configuration  used. 

Figure  21  shows  a  plot  of  efficiency  (*{)  vs  .Vo  for  a  2-bladed 
a*insle  rotating  rotor.  Maximum  overall  efficiency  with  this  con- 

lSvr».5!  e- 

jSterhJMru«t«rr5U^.s.rti%ri^is;oSe:nh  a. 

University  cf  Detroit,  tests. 

Figure  22  shows  a  plot  of  efficiency  vs  for  a  2-bladed  counter- 

ND 

rotating  rotor.  It  will  be  noted  here  that  the  ^erall  propul  rive 
efficiency  shows  a  marked  Improvement,  being  about  30.5*  while  th 
Internal  flow  efficiency  Is  about  35*. 

° inn®  the  configuration  tested  did  rot  represent  optimum,  the 

a.n»n.tr»t.  th.  fM.tl.mty  of  thj,  proput- 
s lv#  concept  It  can  be  Implied  from  these  two  curves  that  when 
the  optimum  arrangement  Is  obtained  much  better  efficiencies  will 

be  available. 

During  transition  from  hovering  to  fon^anl  flight  .Intermediate  door 

J5!  ^T."Mr!t  coSltlJn  ...  75*  of  th.  dl.k  ....  .nd  th. 

crvf  «e  +  area  Figure  23  represents  a  relationship  between 

th*-  force  vejtor  obtained  In  hovering  and  the  force  vector  obtained 
f’-om  anv  Intermediate  door  opening  to  doors  ftul  closed.  The  .  cl  1 
'Ire  of  Figure  23  represents  the  relationship  when  the  doers  r 
programmed^as* outl lned  above.  A  sharp  drop  off  was  observed  down  te 
tl  *•  75*  setting,  then  a  more  gradual  drop  .  rom  ti  1  P 
doors  full  closed  condition. 
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Earlier  In  this  report  it  was  mentioned  that  total  and  etatlc  head 
tubes  were  located  In  the  model  at  the  Inlet  and  exit,  and  before 
and  after  the  rotors.  Figure  2k  ahows  the  looatlon  of  these  tubes 
as  they  appeared  In  the  model.  Figures  25*  26,  and  27  are  ***mPl*“ 
typifying  the  preeeure  distribution  across  the  Inlet ^above  the  ro  or 
below  the  rotor,  and  at  the  exit.  Figure  28  ii  an  example  of  the 
type  of  pressure  change  that  occurs  through  the  ducting  ayetem  as 
blade  angle  of  attacx  Is  changed.  Figure  29  shows  a  variation  of 
pressure  with  power  input.  Examination  of  the  curve  shown  in  Fig- 
ure  28  shows  agreement  within  5$  of  the  volume  of  air  flowing 
through  the  Inlet  as  compared  with  the  volume  of  air  flowing  out  or 
the  exit.  The  rams  Is  true  of  the  flow  through  the  upper  rotor  as 
compared  with  the  flow  out  the  exit.  It  ii  when  the  flow  below  the 
rotor  In  compared  with  the  exit  flow  thet  a  discrepancy  appears. 

Fere  the  correlation  Is  only  within  3# .  Based  on  these  tert  result 
It  appears  that  the  lower  rotor  blades  are  not  fully  effectl/e  at 
the  tips.  Assuming,  for  a  moment  this  Is  the  case,  a  calculation 
was  made  In  order  to  determine  the  effective  area.  It  war  found 
that  the  blade  radius  of  the  lower  rotor  could  be  reduced  by  app¬ 
roximately  cne  (l)  Inch.  This  In  turn  would  permit  the  ducting 
-hape  to  be  modified.  If  further  testing  proves  thlr  condition  to 
actually  exist,  the  propo  ed  modification  should  also  result  In  a 
mere  efficient  power  Input. 


Figure  25  shows  that  the  pressure  distribution  across  the  Inlet  and 
exit  Is  reasonably  good.  Examination  of  Figures  26  and  27 .chow 
that  the  pressure  polrt  readings  across  the  rotors,  both  above  and 
below  Is  somewhat  erratic.  This  was  probably  due  In  part  to  some 
faulty  pressure  taps,  but  It  Is  believed  that  most  of  the  cause 
could  be  attributed  to  the  fact  that  the  model  was  not  operating 
at  the  optimum  blade  setting  and  that  the  optimum  arrangement  for 
the  t  umlng  vai  i  was  not  established  as  yet.  Due  to  the  fact 
that  a  larve  portion  of  the  pressure  Instrumentation  was  destroyed 
by  blade  damare  this  area  was  not  Investigated  further.  Since  de¬ 
termination  of  feasibility  was  the  main  objective,  temporary  pres¬ 
sure  taps  were  later  placed  beneath  the  rotors  in  order  tc  obtain 
sufficient  date  for  analyrlng  hovering  flight. 


As  prevle\.oly  mentioned. Figure  2U  is  a  diagram  showing  the  location 
of  the  p.essure  tubes  In  the  model.  Since  the  velocity  In  a  duct 
Is  seldom  uniform  across  any  section,  and  since  a  static  and  total 
tube  Indicate  velocity  at  only  one  location,  a  traverse  1  r.  us¬ 
ually  made  to  determine  the  average  velocity  so  that  flow  can  be 
computed.  In  general,  the  velocity  13  loweut  near  the  edge.-  or 
comers,  and  greatest  at  or  near  the  center.  In  the  cane  of  a 
circular  duct  It  was  recommended  that  not  less  than  twenty  be  ued 
along  two  diameters  at  canters  of  equal  annular  areas.  Pecnu-e  of 
the  unusual  amount  of  additional  equipment  In  the  ducting.  It  wa  ■ 
believed  that  additional  traverses  at  **5°  would  be  advent  areou  > . 

In  determining  the  average  velocity  In  the  duct  from  the  readings 
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given,  th#  calculated  Individual  velocities  or  the  square  roots  of 
the  veloolty  heads  must  be  averaged.  It  Is  Incorrect  to  use  the 
average  velocity  head  for  this  purpose  since  a  square  root  relatiorv 
ship  Is  Involved  In  this  calculation.  Therefore, • the  dynamic  pres- 
q  was  determined  as  follows: 


ship 

sure 


Qavg.  *  |jHi  "  ^l  +  -  P2  ♦  •  •  •  •♦I  Hn  *  prTJ 


where  H*  Total  pressure 
PsPtatlc  pre  isure 

In  the  brief  time  remaining  In  the  test  program.  It  was  desired  to 
run  a  few  check  points  In  order  to  demonstrate  that  Improvements 
could  be  made  In  the  forward  thrust,  when  the  doors  were  fully  clon¬ 
ed,  and  that  a  more  advantageous  door  cloning  program  could  be  ob¬ 
tained  that  would  provide  a  larger  available  force  vector  during 
transit  Ion . 

Since  a  large  number  of  door  nettings  relative  to  each  other  result 
In  a  given  percentage  of  disk  area,  there  se’ *  Inge  may  be  quite 
arbitrary.  Co  two  Intermediate  points  were  once  more  picked.  The 
doors  were  erch  set  20°  and  A0°  from  the  full  open  position  which 
gave  8*?  and  55*  respectively  for  the  door  open  area  to  disk  area. 

The  dotted  line  In  Figure  23  represents  the  change  ln^n^alue.  It 

will  be  noted  that  a  more  advantageous  condition  was  created  down 
to  the  5-0*  position.  In  order  to  Improve  that  region  between  50% 
and  full  cloned,  It  was  decided  to  attempt  to  show  that  the  forward 
flight  condition  can  be  Improved.  Definite  Improvement  was  shown 
when  the  counter* rotating  configuration  was  uted.  Further  analysis 
of  the  flow  conditions  beneath  the  rotor  showed  that  a  starved  con¬ 
dition  appeared  at  the  art  end  of  the  rotor.  Since  It  has  been 
theorized  that  this  condition  might  exist  and  that  It  might  be 
necessary  to  operate  at  all  tlmss  with  of  the  aft  doors  open, 

the  last  three  doors  were  partially  opened.  An  Immediate  Increase 
In  thrust  was  noted.  The  Improvement  by  chan^lnp:  the  rotor  config¬ 
uration  and  the  last  three  door  openings  1c  shown  by  the  dashed  line 
In  Figure  23. 

An  previously  mentioned,  rotor  blade  damage  occurred  during  test 
operations  at  both  the  OAC  tunnel  and  at  the  University  of  Detroit 
tur.rel  .  Chronologically  the  failures  occurred  a-  follows: 

1.  At  Oocdvar  Aircraft  Corp.  1-0-5° 


At  Ooodyear  Aire- s'**  Crrp.  1-14-5"1 
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I  c 

3.  At  University  of  Detroit  2-6-58 
k.  At  Ooodyear  Aircraft  Corp.  3-12-58 

The  procedure  followed  up  to  fe  time  of  ftllure  Number  1  we. 
as  follow.: 

(.)  Tunnel  w».  brought  up  to  speed  end  permitted  to  stablll.e. 

(b)  The  model  we.  then  brought  to  power  *nd  the  recording  of  test 
date  started. 

This  procedure  wa.  decided  upon  prior  to  the  beginning  SE^^ten^ 
.ration,  becau.e  it  was  observed  that  the  transmission  had  a  *®n" 
dancy  to  heat  up.  It  was  on  the  seventh  run  -*..h  J’ 

sretin*  at  ISO  m.p.h.  and  the  model  being  brought  to  7500  r : . 

I* elddin  .Uttering  ...  he.rd  .Uch...h.n.rot.angm.t.lilc 
object  comes  In  oontact  with  another  object.  Both  the  tunnel  ana 

gs^srsi-ys  sras^Sr^-s-ij- 

riSSflSSJerS^SSr  blIn%3S;«J5!8SfJl«S  (15)  or  the  thirty-two 

<??&! 

bringing  the  tunnel  and  model  to  speed  that  an  unusual  loflktflne  con¬ 
dition  5a«  placed  on  the  blades  which  caused  •xeass&ve  JJfJ?Jtlon.. 

It  was  then  decided  to  reverse  the  procedure,  : mlin talned 
to  power  then  .tart  the  tunnel.  A  close  chock  had  to  Je  maintained 

.n  th.  transmission  beceune  of  the  hee.lng  problem,  but  eo  -dm*  . 


rn  the  transmission  ,  „th. 

went  on.  the  transmlrslon  heating  was  gradually 

od  of  operation  proved  to  be  successful  and  was  used  throughout  the 
remainder  of  the  test  program. 

Failure  Number  2  occurred  when  the  circuit  brr  iker  cent the 
hydraulic  pump  kicked  out.  causing  tne  molel  r.p.m.  to  »uddenly  J^°p 
be*  ore  the  tunnel  could  be  stopped.  This,  .  "J1  fV50Sh 

sane  conditions  as  those  which  occurred  at  the  time  of  the  flrat 
failure  Again  the  two  blade,  in  the  upper  rotor  were  badly  dam¬ 
ped  and  another  quantity  of  pressure  rrobes  were  • leo  « i amage d .  At 

this  time.  It  became  necessary  to  cea-.e  t«»t®fJlJiion{hJtt20C8Ut- 
•nd  trenafer  the  model  to  the  University  of  Detroit.  The  two  sui, 
.......  bled,  l allure,  occurred  because  of  foreign  matter  passing 

through  the  blade-  and  were  not  caused  by  any  OP*1****®"?}  Pf®®®?.  f® 

,  _  inherent  feature  of  the  concept  Itself.  One  substantiating  bit 
;?  iliSme*  th.tnon.of  the  bled.  fellure.  -ere  due  to  eny  Inherent 
reuit  in  the  concept  was  the  fact  that  no  damage  was  suffered  by 
the  blades  In  the  uninatrumented  half  of  the  model.  Both  rotors  were 

Identical  In  terms  of  construction  and  blade  JJ’3*5f®?J^:11Tp*e3.ure 
difference  lav  in  the  fact  that  it  wan  necessary  to  Install  pies  ure 
meesurln*  In*  t  ru*"*ertat  len  close  to  the  plane  of  the  rotors.  And 

5!!USlS  5!  S3  X  one  half  c,  the  model  only.  Vhe  installation 


of  the  instrumentation  reduced  some  of  the  clearances  that JKSlSa 
♦ould  have  boon  prooont  and  which  woro  prooont  In  tho  uninatrumontod 
half.  On  tho  baala  of  this  evidence,  it  has  been  concluded  that 
tho  blado  falluroa  occurrod  bocauao  of  toot  oporat^onal  procoduroa 
which  induced  unusual  loading  conditions  on  tho  blados,  and  by 
foreign  matter  present  in  the  tunnel  passing  through  tho  hi®*1®®* 

Tho  blado  failures  did  not  occur  because  of  any  fault  in  the  con¬ 
cept.  , 

The  curves  of  Figures  21  and  22  were  developed  from  tho  following 
analytical  approach. 

Jet  efficiency  was  defined  as 


’ll  * 


2  V«  where  V, 


V0  .  Free  Stream  Velocity 
Vj  ,  Jet  Velocity 


vj  2 


"hor®  qt  *  J/JJ51  Djmamlc  Pr®8BUre 


A  1,  -  <U 


qe  — .  Dynamic  pressure  at  exit 
nozzle  in  #/^t2 


Qi  =  Dynamic  pressure  at  inlet  in 

#A72 


Interrial  Tlow  efficiency  was  riven  by 

-  -  Qr  » 

\  *  Kh  x firin . 


x  TIP  in. 

where  Cr*Ae  Veand  Af  -  Exit  Nettle  area 

in  Ft2 


=  Velocity  of  airstream  at 
the  exit  nozzle 

v,*.FTT 


cve»a'l  r  >.’P  il.'lve  efficiency 
^  *  rO  * 


7  /  -*_•  0- 


n 


H  *  Total  Head  In  #/*t2 

'  P  *  Static  Head  In  0/Pt2 

The  curves  In  Figure  23  are  based  on  the  following  definitions: 

p100  =  Thrust  when  doors  are  100#  open  and  the  model  Is  In  the 
hovering  condition. 

Pn  v  Thrust  vector  obtained  when  doors  are  In  any  Intermediate 
position  Including  full  cloned. 


Fn  ~  Thrus*  vector  obtained  In  transition  " 
Fjoo  Hovering  thrusl  — — — 


B.  EXTERNAL  AERODYNAMICS 

The  same  model  that  was  tested  at  the  Oocdyear  tunnel  to  obtain 
the  irterral  flow  characteristics  was  taken  to  the  University  of 
Detroit  wind  tunnel  to  Investigate  Its  external  force  properties. 

This  model  wan  a  flexible, configuration  capable  of  simulating  vary¬ 
ing  flight,  conditions.  Modifications  were  possible  In  (1)  rotor 
blade  angle ,  (2)  Variation  of  Inlet  and  exit  area  by  varying 
top  and  bottom  doors,  0.  and  (3)  Variation  In  rotor  power  and  RPM. 
When  mounted  In  the  tunnel  further  variations  In  angle  of  attack 
and  forward  flight  speed  could  be  simulated. 

The  scheduled  test  plan  was  based  on  two  weeks  of  data  collection, 
however,  due  to  the  long  ln'tallatlon  and  a  model  blade  failure,  the 
actual  data  collection  time  was  reduced  to  one  week.  The  model  blade 
failure  also  required  a  change  In  the  preplanned  blade  configuration 
from  coaxial  operatlon-4  blades  to  single  axial  operatlon-2  blades, 
litis  change  seriously  effects  the  blade  activity  factor  aa  well  as 
permits  higher  rotational  losses.  Because  of  the  extensive  number 
of  variables  and  the  complexities  In  model  changes,  only  a  small 
portion  of  the  anticipated  points  could  be  run.  On  the  spot  modera¬ 
tion  of  the  test  runs  was  relied  on  to  assure  coverage  of  the  most 
effective  parameters.  As  a  rertilt  of  this  situation  It  was  necessary 
to  choose  between  running  In  or  out  of  ground  effect  although  both 
were  scheduled.  Since  Installation  of  the  ground'  board  wolild  have 
resulted  In  further  delay.  It  was  decided  to  *Ain  out  of  ground  effect. 
Upon  retiirn  of  the  model  to  OAC  where  further  internal  flow  tests 
were  conducted,  It  was  possible  to  obtain  limited  data  In  the  hover¬ 
ing  condition  In  ground  effect. 
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The  ratio  of  ground  distance  to  rotor  diameter  £  used  In  obtaining 

this  data  was  .77.  Analysis  of  the  data  revealed  that  the  rotors 
operate  more  efficiently  In  ground  effect  as  shown  In  Figures  30 
*22  ^1.  but  sufrlcl«nt  data  was  not  available  to  correlate  this 
effect  with  the  external  forces  acting  on  the  model,  since  use  of 
the  force  system  In  the  OAC  tunnel  was  not  possible.  It  Is,  there¬ 
fore.  concluded  that  more  complete  teats  will  be  necessary  before 
any  trends  or  significant  conclusions  can  be  established. 

The  measurements  taken  at  the  University  of  Detroit  were  t.he  lift 
moment,  the  resultant  horlrontal  force  (Th-i*),  end  rotor  torque!’ 
Investigations  were  also  made  to  evaluate  the  effect  of  some  minor 
components.  (1)  Hovering  with  and  without  the  doors  waa  Investi¬ 
gated.  (2)  In  forward  flight  the  effect  of  vanes  [doors)  vs.  plates 
was  obtained.  ( 3 ) A  tall-on,  tall-off  run  was  made  to  evaluate 
the  effect  of  the  Installed  tail.  (4)  Special  runs  wero  mede  to 
obtain  the  drag-lift  polar  at  high  speed,  without  model  power. 

During  the  Initial  testing  It  was  found  that  the  magnitude  of 
thrust  obtalnel  was  far  less  than  expected  cue  to  the  limiting  fac¬ 
tors  mentioned  above.  Since  negative  thrusts  were  not  a  realistic 
flight  cond.tlon ,  the  tunnel  velocity  was  limited  to  a  speed  at 
whlch(TH-DM)was  only  slightly  negative.  A  tabulation  of  the  test 
runs  Investigated  at  the  University  of  Detroit  are  presenteu  In 
Table  II,  Figure  32. 


Reference  7,  which  was  used  In  the  following  evaluation  of  the 
external  tests,  la  a  factual  presentation  of  measured  valued  Ob¬ 
'-aired  In  the  University  of  Detiolt  wind  tunnel. 


1.  Polars 

.IS  •PP™1**'1  th*  external  efficiency  of  the  unpowered  model,  lift 
and  drag  measurements  were  made  to  develop  the  polar  curves  for  the 
nyr  Vm.  These  runs  w»re  made  without  model  power  and  with  Dlaten  on 
to  repre  cnt  the  doors  In  the  closed  position.  The  inlet  aSd  exit 

VailrTd  t'°  tn#t  d#t*  ofct8ln®<3  only  be  viewed  from 
t  .  •  endpoint  or  what  would  be  happening  under  gliding  conditions 

^0  SnJa?oS°iHrCt,  riat  tW°^°rW2r1,  fllgnt  velocities  of  approximately 

theam**lu?JJrrt.t.P1*Tre?  I3^*2d  34  ,ho"  the  CUrv®s  developed  from 
the  manured  data.  Included  for  Jo:iparleon  are  two  conditions  u-lnx 

c^'alePSfeiir*Iir$a2  b*  8''er’  }h**  wlth  th*  ^Plication  of  power,  ln- 
.  a..e  o.  Ilf  -  and  -ecreare.c  In  dn.g  can  be  expected.  The  sutntart- 

rl  "  1°™*  ?h°wn  m*y  b*  tributable in  part  to  free  .nrlan 

*£2?  tn2  Internal  system,  thus  changing  the  drag.  Th*r-.* 

»iit  flow  if!?!  I?  Investigate  the  effect  of  directing  the 

-X^t  .  low  Into  the  .\BKe  ol  the  model.  Past  experience  with  .  jmi  i*r 
Installations  of  t*-l«  nature  have  lndlcrted  that  substantial  ^Improve- 
•Tt  In  t  e  a. ft  and  dr*g  of  the  bod:'  can  be  reillted  If  clore 
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attention  is  paid  to  feeding  the  exit  flow  into  the  wake.  This 
could  probably  beat  be  done  by  a  form  of  variable  area  exit  nozzle. 

Due  to  the  complexity  of  eliminating  the  tare  drag  of  the  mounting 
system  from  the  tunnel  measurements,  no  corrective  runs  werd  made. 
Instead  an  approximate  tare  drag  was  computed  for  the  strut  system 
with  Increases  applied  for  the  interference  effects.  A  tare  correc¬ 
tion  of  .083  was  used.  The  polar  curve  based  on  a  corrected  Cp  is 
shown  In  Figure  35.  Although  the  curve  as  presented  does  not  re¬ 
flect  a  highly  efficient  lifting  surface,  external  modifications 
will  prove  beneficial  In  increasing  the  lift,  while  powered  operat¬ 
ion  will  have  the  effect  of  decreasing  the  true  external  drag,  thus 
improving  the  efficiency  of  the  external  lifting  surface. 

A  special  test  run  was  made  to  evaluate  the  effect  in  drag;  of  plates 
vs  closed  doors.  This  condition  would  occur  at  high  forward  speeds. 
It  was  found  that  when  the  doors  were  in  place  the  drag  was  reduc¬ 
ed  slightly  over  the  drag  of  the  smooth  plates,  possibly  due  to 
leakage  of  air  in  and  out  of  the  system,  which  created  some  boundary 
layer  control. 


I 

f-i 


2,  Hovering 

Shown  in  Figure  36  are  the  results  of  the  hovering  flight  analysis. 
The  direct  lift  readings  obtained  during  the  test  were  divided  by 
the  model  disk  area  to  yield  an  operating  disk  loading  T/A.  During 
each  test  run,  measurements  of  torque  on  the  rotor  shaft  were  taken. 
Presented  in  Figure  37  is  the  measured  torque  represented  as  model 
horsepower  varying  with  RPM  and  blade  angle.  From  the  measured 
lift  and  horsepower  the  power  loading  T/HP  can  be  obtained. 

From  Figure  38  it  can  be  seen  that  the  configuration  tested  exhib¬ 
its  reasonable  hovering  capabilities  at  optimum  disk  loadings.  Good 
helicopter  rotor  design  is  expected  to  yield  figures  of  merit  in 
the  order  of  0.7.  The  configuration  tested  is  yielding  an  M  =  0.5. 

It  ’was  necessary  at  the  onset  of  the  University  of  Detroit  tests 
to  modify  the  rotor  configuration  from  four  blades  -  coaxial,  and 
counter-rotational  to  two  blades  single  rotation.  Increasing  the 
activity  factor  to  two,  four  or  six  blade  operation  and  including 
co-axial  operation  of  both  rotors  to  reduce  rational  losses, 
could  increase  the  figure  of  merit  to  between  0.6  and  0.7  at  optimum 
disk  loadings.  This  hovering  efficiency  if  realized  should  bring 
the  attainable  value  to  that  assumed  in  the  proposed  test  bed  design  . 
Although  the  model  test  indicates  that  a  decrease  In  hovering  effic¬ 
iencies  occurs  with  increasing  disk  loading,  this  decrease  in  eff¬ 
iciency  which  increases  the  power  required,  can  be  compensated  for 
by  an  Increased  number  of  blades  with  optimum  blade  design. 


A  special  run  was  made  to  evaluate  the  effect  of  having  the  doors 
in  the  flow  during  hover.  Comparing  runs  at  high  blade  angle,  re 
moval  of  the  doors  Increased  the  obtainable  lift  approximately  5^ 
Ttris  value  shows  good  correlation  with  the  results  obtained  from  v 
internal  flow  tests. 


*he 
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3.  Forward  Flight  and  Transition 

resultant  horizontal 


From  the  lift  and  resultant  horizontal  force,  T«-D 
he  Jniversity  01'  Detroit  force  tests,  a  picture 
and  transition  history  can  be  determined. 

(Th-Dm)  when 


plotted 
brium  flight  (A)  and 
that  flight  speed  may 
merits  were  made  at 


obtained  from 
of  the  forward  flight 
The  resultant  force, 

f„om  “  'u  yifihs  the  speed  for  equill- 

1  rom  tne  litt  vs  vel. ocity » the  lift 

(B) 

account 


against  velocity  (q) 
n  the  1 ift  vs  ■ 
be  determined 


obtained  for 
■  '  Since  no  tare  drag  measure- 
„  'I'Olt  H  an  approximate  correction  to 

lor  struts  and  interference  was  made  and  applied  to  the  (T 

C  U  I’V 0  S  •  ' 


■h-d 


M  7 


After  searching  the  recorded  data  and  plotting  all  continuous 
readings  as  above,  a  tabulation  of  equilibrium  conditions  can  be 

and G lift  a^eaoh^0  angle  ?  at  constant  ex  showing  equilibrium ’speed 
a^417lt^at  each  door  opening  0  and  rotor  RPM.  The  use  of  lift  rn 
effic  entsgor gbi,  determination  war,  abandoned  since  CT  becomes 
iinlte  <10  velocity  goes  to  zero.  This  would  indicate  an  abnor- 

tte  modef  di°rsep°wer  lr\tt?e  transition  flight  range.  Knowing 
the  model  disk  area,  a  plot  of  RPM  vs  disk  loading  can  be  made  from 


the 


on 


tabulated  data  (c) 
plot  oi  the  above 
the  RPM  curve. 


Since 


some  door  openings  were  not  tested  a 
curve  was  used  to  determine  the  dotted  line 
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equilibrium  data  a  plot  of  velocity  vs  RPM  can 
do. made  IM .  superimposed  upon  this  speed  chart  are  curve® 
vs  FPyS  (p)  r  iSk  loadinh  or  "Li£"t  as  obtained  from  the  curve  of  T/A 
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During  the  tests  at  The  University  of  Detroit,  values  of  blade 
torque  were  recorded  and  later  transferred  to  rotor  shaft  horse¬ 
power  vs  RPM  as  shown  in  Figure  37.  For  a  constant  lift  of  the 
rotor,  HP  curves  can  be  determined  for  the  test  bed. 


Shown  in  Figures  38  (a)  through  38  (d)  are  the  fitted  variation  of 
disk  loading  with  RPM  showing  the  agreement  with  the  test  equilibri¬ 
um  points.  Since  the  greatest  number  of  continuous  measurements 
were  made  at  an  attitude  of  -5°,  all  analysis  is  based  primarily 
on  this,  condition.  A  check  of  the  scattered  points  collected  at 
other1  rotor  attitudes  showed  that  some  Improvement  in  power  re¬ 
quired  could  be  realized  but  these  savings  would  occur  at  less  de¬ 
sirable  flight  conditions. 


The  devloped  horsepower  vs  velocity  curve  Figure  39  is  expressed 
in  full  scale  test  bed  horsepower.  This  scaling  of  horsepower  from 
the  model  to  full  scale  can  be  done  by  assuming  that  the  model 
and  full  scale  power  coefficients  are  equal.  This  yields  a  power 
scale  effect  varying  as  the  rotor  diameters  squared. 


HP  full 


scale  •- 


HP  model 


D  full  scale 
D"  model  _ 


2 


The  resulting  curves  Figure  39  indicate  higher  horsepowers  than 
the  preliminary  design  had  anticipated  but  shows  improved  speed 
capabilities  with  lighter  disk  loadings. 


An  attempt  was  made  to  verify  the  reason  for  such  high  horsepower 
requirements  by  calculating  the  propulsive  efficiency  of  the  system. 
The  propulsive  efficiency  is  found  by  determining  the  power  absorb¬ 
ed  by  the  air  and  dividing  it  by  the  power*  supplied  to  the  rotor. 

!  ■ 

j 

The  power  into  the  rotor  was  measured  in  terms  of  torque  on  the 
rotor  shaft  during  the  wind  tunnel  test.  These  measurements  are 
presented  in  Figure  37  in  terms  of  blade  angle  and  RPM. 
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In  evaluating  the  power  absorbed  by  ohe  air,  thrust  and  velooitv 
tunneVteM^rMH  cc™Pute  horsepower.  Measurments  during  the  wind 

thrust  d?d  “t  vary^ltf^locE0""1^?'  a8BU~"  f‘at  the  “ 

thrust Sof6that  °PVmiStlC  sInce  from  the  internal  flowEtudl™  ?he 
‘  .  t  of  the  system  appeared  to  decrease  somewhat  as  SDeed  increa; 


Prom  the  curve  of  thi 
equilibrium  velocity 
sorbed  by  the  rotor  at 


speed 

'fiat ion  with  velocity,  static  thrust  and 
u.i  be  obtained  to  determine  the  power  ab- 
varlous  flight  conditions. 


sed 


Figure  4o  presents  the 
encies.  The  deviation 
sumed  in  the  estimated 
resultant  high  power  requirement 


results  of  the  calculated  propulsive  efflci- 
seen  in  the  model  efficiencies  from  that  as- 
performance  1^=0.  >5)  ,  explains  part  of  the 


T5nceP?he  *?  llghter  blade  loadings  are  reasonable 

oince  the  rotor  can  supply  more  thrust  into  speed  rather  than  1 1 pt 

Any  extension  of  the  solid  line  presented  in  the  f  ,  urVi s  Mmltid ' 

in  two  ways.  First,  the  rotor  inlet  area  variation  "in  testlnswa 

vonTthFh?  mlnlmum  of  25^  Inlet  to  disk  area  ratios  somewhere  be 
yond  thin  closure  rotor  blade  starv'ng  will  occur  and  the  hnr^o 

power  win  increase  radically.  Second,  roto?  ?lp  iSpbm  wSu  occur 

ac;  Increased  over  approximately  12,000  RPM.  This  al  ■ 

to  will  insult  in  an  Increase  ,4n  HP 


figure  3Q  represents  the  optimum  operating  blade  angle  for 

b°addnfV  AV?"er  dlsk  loadinf's  the  curves  for 'th^Con^opl 
1  „  'I'  dotrenf  toward  the  typical  helicopter  operation.  At 
.  adings  ser-icus  increases  in  horsepower  occur  during  trans 
At  the  time  of  the  test  arbitrary  door  settings  were  estaM 

-tudieeS  VUnh«ft0Se+that  WeIe  USGd  ln  the  Previous  internal 
otudieo,  Ho  attempt  was  made  to  optimize  the  door  setting 

investlrratlnn^rH  ?fCe^'  °n  the  force  data-  With  a  more 

studying  flow  and  forces,  the  horsepower  dur 

helicopter^10  ^  reduced  and  the  curves  approach  those  of  a 
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,  11  modification  to  the  Convc plane  test  bed  to  optimize  the  in- 
ternau.  a?  d  external  flow,  the  system  car  be  expected  to  exhibit,  im 

Drwprdv-°ve?nMtr  df mands  wlth  sPefid  •  The  optimised  curves  of 
power  vs  velocity  however,  will  still  reflect  the  trend  of 

3J.  A  reduction  in  rotor  loading  will  improve 
oi  the  vehicle,  “  ' 
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To  assist  ln  the  unloading  of  the  rotor,  aerodynamic 
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be  utilized.  All  movable  stub  wings  attached  to  the  tips  of  the 
rotor  housing  would  affect  this  task.  These  wings  should  be  op¬ 
erated  at  near  maximum  lift  in  order  to  reduce  the  speed  at  which 
they  become  effective.  Operating  at  these  lifts  the  wing  absorbs 
higher  power  than  if  operation  were  at  (L/Dm)  max,  but  in  comparison 
with  the  rotor  power  the  wing  demand  is  relatively  low. 


To  appreciate  the  effect  of  a  stub  wing  installation  two  wings 

of  an  aspect  ratio  of  3  were  theoretically  applied  to  the  test  bed 
conf  iffuratlnn .  Winer  arPAs  of  QOn  anri  nnrf  ««  -p+-  A  ~ 

conf  1 


'  T/A  lIIT (Stub)  "  Ve ]. 

15  (completely  loaded  rotor) 

in  ncin  I  r-  n 


Wing  Area 

500  Ft2 

pa  aa. . — — — ■  „ 

500  'ft2 

Ve  1 

[MPHJ 

HPRreq  'd 

Vel  MPH  HPR  Req'd 

2510 

57.2  46 

44 . 3  36 

3530 

68.0  77 

51.7  59 

4550 

76.5  112 

59 . 8  88 

5570 

85.2  156 

66.2  121 

6582 

92.6  197 

71.8  153 

Typifying  the  horsepower  requirement  above  is  the  following  curve. 


X  HPr  reqd  BY 
J  STUB  WING 


5.  bong  \  tud Inal  Stability  and  Control 

As  seen  b„  oference  to  Figure  4l,  the  model  with  horizontal  tail 
exhibits  at  any  flight  condition  neutral  tc  static  negative  pitch 
stability.  This  then  indicates  an  addition  to  the  horizontal  tail 
area  or  an  Increase  in  its  tall  length  is  in  order.  Of  greater  con¬ 
cern  however,  is  the  lack  of  ability  of  the  existing  horizontal  tall 
to  trim-out  the  pitching  moment.  Figure  42  shows  the  pitching  mom¬ 
ent  of  the  model  with  horizontal  tail  for  equilibrium  flight  con¬ 
ditions,  i.e..  when  lift  equals  weight  and  thrust  equals  drag.  From 
the  limited  tall-off  wind  tunnel  test  data,  and  an  estimate  of  the 
maximum  lift  co-efficient  of  the  horizontal  tail,  the  pitching  mom¬ 
ent  capability  of  the  horizontal  tall  Is  defined  in  Figure  4l  as 
well.  Those  operating  conditions  below  the  capability  curve  can  be 
trimmed  out  in  pitch:  that  area  above  the  curve  Indicates  the  de¬ 
ficiency  of 'the  horizontal  tail. 


This  brief  analysis  of  pitch  stability  and  control  indicates  that 
further  effort  must  be  expended,  primarily  by  means  of  wind  tunnel 
tests,  to  achieve  satisfactory  characteristics  over  the  entire  flight 
regime . 
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SECTION  V,  CONCLUSIONS  AND  RECOMMENDATIONS 


A.  CONCLUSIONS 

From  the?  work  acc°mpllshed  so  far,  it  may  be  concluded  that  a  small 

in  f  ?aU  f0r  nhe  fresence  of  d00rs  and  turning  vanes 

roaohlnr  that  nr  hLi°"\  Desplte  this,  hovering  efficiencies  app- 
roacrung  that  of  helicopters  are  being  achieved. 

In  the  forward  flight  regime  the  rotor  appears  to  suffer  no  adverse 
.flow;  therefore^  an  arrangement  of  rigid  rotors  with  collective 
pitch  control  snould  produce  reasonable  forward  flight  propulsion. 

uum  Sibeu  demonstrated  that  the  buried  rotor-shroud  arrangement, 
which  is  the  nerve  center  of  the  Convoplane  concept,  provides  all 
the  necessary  flow  conditions  through  turning  of  the  air  to  produce 
hovering ,  transition  and  relatively  high  forward  speeds. 

!t  has  also  been  demonstrated  that  with  additional  work  the  effici¬ 
ency  of  whe  propulsion  system  can  be  greatly  improved  The  wind 
tunnel  model  selected  for  this  Investigation  has  the  flexibility 
necessary  for  the  collection  of  basic  information  and  continued' 
studies  along  these  lines  should  be  made. 

B.  RECOMMENDATIONS 

the  concept  has  been  proven,  It  is  rocommerrf 
ec  that  further  studies  be  made  to  approach  more  optimum  conditions 

u  components  of  the  Internal -external  configuration. 
upec_..i  .ually ,  the  following  Items  are  recommended. 


1 . 


Since  no  opportunity  to  Investigate  the  leading  edge  inlet 
o  r  the  exhaust  at  the  trailing  edge  was  possible,  it  is 
very  del  initely  felt  that  a  better  shaped  Inlet  and  exhaust 
nozzle,  with  perhaps  variable  area  control,  will  improve 
the  flow  conditions. 

An  attempt  should  be  made  to  shape  the  rotor  shroud  In  order 
to  Improve  hovering  performance. 

beeinve«tigateddary  CGntro1  in  the  rotor  shroud  should 
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4.  The  selection  of  more  optimum  door  settings  to  obtain  better 
forward  flight  efficiencies  and  improved  transition  quallt- 

„  i^s  should  be  studied,  since  the  door  settings  selected 

for  testing  were  quite  arbitrary  and  it  has  been  shown  that 
improvement  is  possible  in  this  area. 

5.  An  attempt  should  be  made  to  arrive  at  a  more  Improved  rotor 
blade  shape  and  a  better  twist  distribution. 

6.  It  is  believed  that  neither  the  number  of  blades  or  the 
optimum  blade  angle  setting  has  been  obtained,  therefore, 
further  study  is  warranted  in  this  area. 

7 .  No  attempt  was  made  to  Improve  the  turning  vanes  either 
as  to  shape,  number,  or  Ideation.  This  area  should  re¬ 
ceive  further  evaluation. 

8.  The  power-off  polar  curves  Indicate  that  effort  to  improve 
the  external  configuration  Is  warranted. 

9.  Additional  horizontal  tail  area  or  tall  length  to  tha1'  re¬ 
presented  by  the  model  will  be  necessary  to  assure  static 
longitudinal  stability.  The  problem  of  Inadequate  pitch 
control  exists  with  the  model  configuration  at  low  speeds. 

A  continuing  study  is  necessaiy  to  devise  means  of  pitch 
control  from  hover  to  the  maximum  flight  speed. 

10.  An  improvement  in  the  external  lifting  efficiency  will  per¬ 
mit  the  Convdplane  to  have  a  higher  speed  potential.  The 
improvement  may  come  from  any  means  of  reducing  the  rotor 
disk  loading  such  as  obtaining  higher  lift  from  the  rotor 
housing  or  the  incorporation  of  stub  wings. 

The  wind  tunnel  model  as  tested  was  evolved  with  but  meager  infor¬ 
mation  and  heavy  dependence  for  Its  modification  for  improvement  was 
placed  on  the  internal  flow  investigation.  The  curtailment  of  the 
Internal  flow  investigation,  due  in  part  to  mechanical  difficulties, 
prevented  any  optimization  of  tne  configuration. 

It  ,1s  firmly  believed  that  significant  Improvements  can  now  be  made 
in  the  recommended  areas  for  further  investigation.  These  studies 
can  be  made  during  the  preliminary  design  phase  for  the  flying  test 
bed  and  Incorporated  in  the  full  scale  model  before  the  detail  de¬ 
sign  in  initiated  since  the  basic  configuration  is  now  established 
and  the  areas  discussed  would  not  appreciably  change  the  status 
of  this. 


Since  the  feasibility  of  the  Convoplane  concept  has  now  been  demon¬ 
strated.,  It  would  be  well  to  point  out  what  this  means  in  terms  of 
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future  application  for  this  particular  vehicle.  Here  we  have  an 
aircraft  with  disk  loadings  and  a  hovering  efficiency  which  approach 
es  that  of  a  helicopter.  In  addition,  it  should  have  the  forward 
flight  stability  of  a  conventional  airplane.  All  in  all,  the 
vehicle  exhibits  excellent  growth  potential. 

With  the  rotors  buried  as  they  are  within  the  wing.  It  will  be 
quite  possible  to  operate  in  congested  or  partially  cleared  areas. 
Furthermore,  when  it  is  necessary  to  lift  and  transport  heavy  loads 
for  short  distances,  the  Convoplane  with  flat  endplates  at  the  wing 
tips  provides  a  means  of  attaching  several  units  together  to  become 
a  form  of  flying  crane  for  this  purpose.  A  corollary  to  this  appli¬ 
cation  is  the  fact  that  several  units  may  be  towed  to  a  pre- determin¬ 
ed  location  in  a  ferrying  mission;  then  cut  loose  to  land  by  them¬ 
selves,  or  they  may  perform  another  mission  such  as  rescue  and  then 
be  towed  back.  The  function  just  described  is  possible  since  il¬ 
ls  an  extension  of  a  safety  feature  of  the  Convoplane,  wherein,  If 
engine  failure  occurs,  the  vehicle  may  be  glided  to  a  safe  landing. 
This  feature  is  made  possible  because  of  the  fact  that  the  Convo¬ 
plane  possesses  a  low  wing  loading. 

The  configuration  is  such  that  its  final  form  can  range  from  the 
smaller  reconnaissance  type  airplane  to  the  larger  cargo  carrying 
type  of  aircraft.  It  also  exhibits  possiblities  of  having  STOL 
capabilities  as  well  as  VTOL. 

It  is  therfore  recommended  that  a  program  be  initiated  for  the 
design  and  fabrication  of  a  flying  test  bed,  which  would  incorpor¬ 
ate  the  features  of  the  Convoplane.  By  means  of  this  test  bed,  It 
will  be  possible  to  obtain  full  scale  free  flight  test  data  which 
would  be  directly  applicable  to  prototype  designs  for  specific 
missions.  Information  on  stability,  controllability,  and  general 
flight  performance  during  hovering,  transition  and  full  forward 
flight  will  be  obtained  In  true  scale  and  would  permit  a  realistic 
evaluation  of  Convoplane  potential  for  Army  uses. 
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Figure  3  Estimated  Horsepower  Required  To  Hover 
vs.  Gross  Weight.  (Proposed  Convoplane  Test  Bed) 
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Figure  8  Front  View  of  Model  with  Upper  Dooi s 
Nose  Fairing  Removed.  (QAC  Wind  Tunnel) 
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Figure  9.  Top  View  of  Model  with  Upper  Doors  Removed, 
Showing  Upper  Turning  Vanes,  (OAC  Tunnel) 
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F  gu re  10  Bottom  View  of  Model  with  Lower  Doors  Removed,  Shewing 
Lower  Turning  Vanes  and  Exit  Total  &  Static  Pressure  Rake. 
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Figure  11  Top  View  of  Model  with  Upper  Door 
in  Hovering  Position  (GAC  Tunnel) 
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Figure  12  Pressure  and  Torque  Measuring  Equipment 
(Oscillograph.  Scana-Valves  &  £: lance  Box) 
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Figure  1;  Pressure  Measuring  Equipment 
50  Tube  Manometer  Bank. 
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Figure  14  View  Showing  Top  Doors  in  Forward  Flight 
Position  (Uriversity  of  Detroit  Tunnel) 
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Figure 


15  Three-Quarter  Front  View  of  Convoplane 
Model  (University  of  Detroit  Tunnel; 
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Figure  16  Three-Quarter  Front  View  Showing  Plates  Instead  of 
Doors  in  Forward  Flight  Position.  (U.  of  D.  Tunnel) 
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Figure  17  Rear  View  of  Model  Showing  Empennage  and 
Exit  Duct.  (University  of  Detroit  Tunnel) 


FIGURE  OF  MERIT  AS  A  FUNCTION  OF  POWER  LOADING  AND  DISC 
LOADING  USING  VARIOUS  ROTOR  CONFIGURATIONS 
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Figure  18  Power  Loading  Vo.  Disk  Loading 
( ConvoplatT*5  Model  Testa) 


FIGURE  CF  MERIT  AS  A  FUNCTION  OF  POWER  LOADING  AND  DISK 
LOADING  USING  VARIOUS  ROTOR  CONFIGURATIONS 
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Figure  22  Efficiency  vs.  Advance  Ratio 
(Convoplane  Model  Tests) 
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Figure  23  Variation  of  Thrust  Vector  With  Door 


Opening  (Convoplane  Model  Testr) 


Figure  27  Pressure  Distribution  vs.  Rotor  Station 
(Convoplane  Model  Tests) 
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Figure  29  Variation  of  Pressure  With 
Power  Input  (Convoplane  Model  Tests) 


VARIATION  OF  POWER  LOADING  AND  DISK  LOADING  WITH 
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Figure  30  Power  Loading  vs.,  Disk  Loading  (in  and  out  of 
Ground  Effect;  (Convoplane  Model  Testa) 
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Figure  31  Power  Loading  vs.  Disk  Loading  (in  and  out  of 
Ground  Effect)  (Co’-voplane  Model  Tests) 
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Figure  32  Table  2  University  of  Detroit  Test 
Runs.  (Convoplane  Model  Tests) 


Figure  37  Measured  Model  Horsepower  Supplied  To 
The  Rotor  (Convoplane  Model  Tests) 
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Figure  4l  Pitching  Moment  vs.  Angle 
Attack.  (Convoplane  Model  Teste) 
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Figure  J*2  Pitch  Trim  Capability 
(Crnvrpim-  Mjdel  Taati) 
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LIST  OF  SYMBOLS  , 

Wing  Are*  (Ft2) 

Hovering  Thrust  (Lb*) 

Forward  Thrust  (Lbs) 

Free  Strewn  Velocity  (MPH) 

Jet  Velocity 

Velocity  of  Alrstream  at  Exit  Hotile 

Orose  Weight  (Lbs)  (Full  Scale) 

wing  Lift  Coefficient 

Wing  Drag  Coefficient 

Pitching  Moment  Coefficient 

Wing  Angle  of  Attack 

Rotor  Blade  Angle  Setting 

Overall  P  opulrlve  Efficiency 

Jet  Efficiency 

Internal  Flow  Efficiency 

Air  Density ' (Slugs/Pt3) 

Top  and  Bottom  Door  Opening  Positions 


Door  Opening 


*1 


50*  Door  Opening 


■=  50* 


75*  Door  Openlr^  •  A* 

,  —  75* 


*  Balance  of  Symbol's  on  Pag*  vll ,  pull  out  when  reading 
text . 
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